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Current and Voltage Transformers 


The function of current and voltage 
transformers is to transform power system 
currents and voltages to lower magnitudes, 
and to provide galvanic isolation between the 
power network and the relays and other 
instruments connected to the transducer 
secondary windings 
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Transducers 


v. 



Metering 1 




Protection 




Rating of Transducers 
Secondary Windings 


For CTs 
1 A or 5 A 





For VTs 
120 V LL 



CTs are designed to 
withstand fault 
currents for a few 



VTs can withstand 
overvoltages (20% 
above the normal 




magnetically 
coupled, multi 
winding 
transformers 
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magnetically 
coupled, multi 
winding 
transformers 
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magnetically 
coupled, multi< 
winding 
transformers 


A 230 kV oil-filled CT 
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single secondary, 
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transformers 
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CT equivalent inductive 
magnetization 




Burden Impedance Z b 



Impedance of 
all the relays 
and meters 



Impedance of the 
leads from CT to 
these equipment 
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^1 — ^2 H - An 

The per unit current 
transformation error 
.defined by 
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In ideal case of zero burden 

impedance, / :l = / 2 , and the 

CT error is zero. 

/ 



is defined as the constant by which the name 
plate turns ratio n of a current transformer must 
be multiplied to obtain the effective turns ratio. 
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Although s and R are complex numbers, it is 
sometimes necessary to use these values as real 
numbers equal to their respective magnitudes. 


Example 



Consider a CT with a turns ratio of 500:5, a 
secondary leakage impedance of (0.01 + jO.l) Q 
and a resistive burden of 2.0 Q. If the magnetizing 
impedance is (4.0 + jl5) Q. Determine e and /?. 
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/[ (0.0 1 + jO.l 4- 2.0) (4.0 + j 15.0) 
(0.0 1 + jO. I + 2.0 + 4.0 + j 1 5.0) 

ly x 1 .922/9.62° 


= ly x 1 .922/9.62' 


An — 


(4.0 + j 15.0) 


= / ix O.I238Z -65.45' 


Thus, if the burden and the magnetizing impedances of 
the CT are constant, the per unit CT error 
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s = — = 0. I238Z - 65.45 
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(1.0- 0. I238Z - 65.45°) 


= 1 .0468Z — 6.79 
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0.I238Z -65.45° 


1 .0468Z — 6.79° 

IQ 

0.064Z - 66° 

1 .025 Z - 3.44° 

J2 0 


0.1 2Z 12.92° 


1 . 1 3Z 1 .73° 
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8 and R factors depend upon the magnitude and phase 
angle of the burden and magnetizing impedances. 
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Since the magnetizing branch of a practical transformer is 
nonlinear, Z m is not constant, and the actual excitation 
characteristic of the transformer must be taken into 
account in determining the factor /? for a given situation. 



Secondary exciting current amps (rms) 


Table 3.1 Standard current transformer multiratios (MR 
represents multiratio CTs) 



50 : 5 


1 00 : 5 


300 : 5 


300 : 5 

1 00 : 5 


200 : 5 


400 : 5 


500 : 5 

1 50 : 5 


300 : 5 


500 : 5 


800 : 5 

200 : 5 


400 : 5 


800 : 5 


1000 : 5 

250 : 5 


500 : 5 


1 1 00 : 5 


1 200 : 5 

300 : 5 


600 : 5 


1 200 : 5 


1 500 : 5 

400 : 5 


800 : 5 


1 500 : 5 


2000 : 5 

450 : 5 


900 : 5 


1 600 : 5 


2200 : 5 

500 : 5 


1 000 : 5 


2000 : 5 


2500 : 5 

j500 : 5 ^ 


J 200 : 5 ^ 


,3000 ; 5 


Example 



Consider a CT of 600:5, and the magnetizing 
characteristic corresponding to this ratio in 
previous Figure. Calculate the current in its 
secondary winding for a primary current of 5000 
A, if Z b is (9 + j2) Q and the secondary leakage 
impedance is negligible. The impedance angle of 
the magnetizing branch is 60°. 


A current source of 5000 x 5/600 

41 .66 > 

9.0 


= 41.66 A in parallel with the 
burden, and connected across the 
nonlinear Z m , 

fit j 

j 2.0 
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The corresponding Thevenin equivalent consists of a 
voltage source of 41.66 x (9 + \ 2 ) - 384.1Z.12.53 0 volts, in 
series with the burden. 
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9.0 + j2.0 



In; = 




TT1 


Z m | x (0.5 + j0.866) + (9.0 + j2.0) | 
£•2 — ImZin 
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These two equations may be solved to produce values of 
f 2 and / m in terms of |Z m | as the parameter. 
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100 

10 


0 

3.61 

21.82 


384.1 
361.0 

218.2 



Plotting the curve of these values on magnetization 
curve, it is found to intersect the magnetizing 
characteristic at / m = 17 A, f 2 = 260 V. Finally, reworking 
the equations to find the phase angles of the currents, 
the various currents are: l ± = 41.66Z0 0 (in that case, fth 
= 384.1Z12.5°J, / m = 17Z-29.96 0 and / z = 28.24Z17.5°. 
The error e is therefore 0.408Z-29.9 0 and the ratio 
correction factor R = 1.47Z-17.5 0 . 



Secondary exciting current amps (rms) 


This CT is in severe saturation at this current and at the 
burden chosen. In practice, it must be used with much 
smaller burdens to provide reasonable accuracies under 
faulted conditions. 



It is defined by the American National Standards 
Institute (ANSI) and the Institute of Electrical and 
Electronics Engineers ([ 



Designation of a CT consists of two integer parameters, 
separated by the letter or ‘V_: for example, 10C400 
or 10T300. 




The first integers describe the upper limit on the error 
made by the CT when the voltage at its secondary 
terminals is equal to the second integer, while the 
current in the transformer is 20 times its rated value. 



First integers 


Upper limit on the error 
made by the CT 


Second integers 


voltage at its secondary 
terminals (l 2 = 20 l NCT ) 



The CT performance can be calculated 



Some uncertainties in the 

transformer design, and the 

performance of the CT must be 
^determined by testing the CT. 


For Example: 

The 600:5. 10C400 CT, will have an error of less than 
or equal to 10% at a secondary current of 100 A for 
burden impedances which produce 400 V or less at its 
secondary terminals. 


Example 



Consider a 600:5 turns ratio CT of the class 
10C400. Determine the maximum burden 
impedance if the fault current is 5000 A. 


The 10C400 CT will provide 100 A in the secondary with 
no more than 10% error at 400 V secondary. Thus the 
magnitude of the magnetizing impedance is 
approximately 400/(0.1 x 100 j = 40 Q. 
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With a primary current of 5000 A, the nominal secondary 
current will be 5000 x 5/600 = 41.66 A. 


v. 


j 


With a maximum error of 10%, this will allow a 
magnetizing current of about 4.16 A. At this magnetizing 
current, it may have a maximum secondary voltage of 
4.16 x 400/10, or 167 V. 


Since the primary current is 41.66 A, the maximum 
burden impedance which will produce 167 V at the 
secondary is 167/(41.66 - 4.16j = 4.45 Q. All burdens of a 
smaller magnitude will produce smaller errors. 








we have assumed that: 

1. The i m is in phase with the ij and i 2 . 

2. Linear magnetizing characteristic). 

This approximation is justifiable. 




( A 

Polarity markings of transformer windings are a means 
of describing the relative directions in which the two 
windings are wound on the transformer core. 

The terminals identified by solid marks indicate the 
starting ends of the two windings, meaning that if 
these are considered to be the starting points, and we 
trace the two windings along the transformer core, 
both windings will go around the core in the same 
sense (i.e. counterclockwise or clockwise). 

In a transformer, if one of the winding currents is 
considered to be flowing into the marked terminal, the 
current in the other winding should be considered to 
vbe leaving its marked terminal. 



An alternative way is to label the primary winding 
terminals H 2 and H 2 , and the secondary winding 
terminals X, and X 2 . Hj and Xj may then be assumed to 
have the polarity mark on them. 


Ij will produce l 2 , where the 
magnitudes of and l 2 are in 
inverse proportion to the turns 
ratio, and their phase angles will 
be as indicated by the polarity 
markings. 


H 


X. 



H. 




The current transformer is considered as a constant 
current source of 12 as determined by l r If l x is zero, l 2 
also must be zero, and the secondary winding of such a 
CT may be considered to be open-circuited. 


Example 



If the primary current is 1000 A, and the two CT 
ratios are 1000 : 5. Determine the burden current 
for the following two cases. 


10000 



10000 

— ► 







the current in the burden 
impedance Z L is zero. 





(b) 





They are used to provide an adjustment to the overall 
current transformation ratio. 

Auxiliary CTs with multiple taps, providing a variable 
turns ratio, are also available. 

The burden connected into the secondary winding of 
the auxiliary CT is reflected in the secondary of the 
main CT, according to the normal rules of 
transformation: 

If the auxiliary CT ratio is / : n, and its burden is Z, , it is 
reflected in the main CT secondary as Z/n 2 . 
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The auxiliary CT makes its own contributions to the 

overall errors of transformation. 

^ I 
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In particular, the possibility that the auxiliary CT itself 
may saturate should be taken into consideration. 


Example 



Consider the CT connection shown in Figure CT1 
has a turns ratio of 1200:5, while CT2 has a turns 
ratio of 1000:5. Suggest what's do to have a zero 
current in the burden impedance. 




ct 2 

1000/5 


Assume the primary current to be /. The current in the 
secondary winding of CT1 is 1/24 and that in the 
secondary winding of CT2 is 1 / 20 . 


By inserting an auxiliary CT with a turns ratio of in 
the secondary circuit of CT1, the current in the auxiliary 
CT secondary becomes 1 / 20 . if = 6 / 5 . With the 
polarity markings as shown, the burden current is zero. 






CTi 

1200/5 

/T 

ct 2 

1000/5 





I a , l b and l c are proportional 
to l a ’ , l b ' and l c ’. No phase 
shifts are introduced by this 
connection. 



a phase shift of 30° is 
introduced between the 
primary currents and the 
currents supplied to the 
burdens. 




Q 

of the phase burdens Z f carries phase currents, 
which include the positive, negative and zero-seq 
components. 



n 




Sometimes it is desired that the zero-sequence 
current be bypassed from these burdens. This is 
achieved by connecting auxiliary CTs which provide 
an alternative path for the zero-sequence current. 
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If three phase conductors are passed through the 
window of a toroidal CT, the secondary current is 
proportional to (/ 3 +/ h +/ t l l=3/ 0 . 

Since this arrangement effectively sums the flux 
produced by the three phase currents, the CT 
secondary contains the true zero-sequence current. 








When faults occur, the current magnitudes could be 
much larger, the fault current may have DC 
components and there may be remanence in the CT 
core. All of these factors may lead to saturation of the 
CT core, and cause significant distortion of the 
secondary current waveform. 

Consider the sum of the secondary leakage impedance, 
lead impedance and load impedance - given by Z b = (R b 
+ jwL b ). 


i i (r) = /mu [cos(<yf - 0) - £ cos 0] for r > 0 
= 0 for r < 0 




R. 








Example 



Consider a purely resistive burden of 0.5 Q being 
supplied by a CT with R c of 100 Q. and L m of 0.005 
H. Let (j with a steady-state value of 100 A be fully 
offset. Let r be 0.1 s . determine A and i 2 (t) 

i\ = I4l,4x e -Klf — 141 .4cos(^f) 


0 = 7T, R c = 100, R b = 0.5, T = 0.1 s 

(100 + 0.5) x 0.005 
r = 0.0 1 005 


100 x 0.5 


o)T = 377 x 0,01005 = 3,789 

<p = tan~ l (3.789) = 75.21° = 1,7 127 rad 
a = -0.7399e~ 9q - 5t + 0.786fT 1Or - 0. 1 804 cos (w/ - 1 .3 1 27) 
i 2 = 147.24s -99 - 5 '- 15.726s -10 ' + I36.02sin(wf - 1.3127) 



The DC component in the fault current causes the flux 
linkages to increase considerably above their steady 
state peak. 


The dotted line represents the flux level at which the 
transformer core goes into saturation. 

Thus, for the duration that A is above the dotted line, it 
is held constant at the saturation level, and the 
magnetizing inductance L m becomes zero. 
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the secondary current for this period also becomes zero. 
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l 2 of a CT may not represent l 2 faithfully if the CT goes into 
saturation, and hence relays which depend upon \ 2 are likely to 
mis-operate during this period. 


The possibility of CT 
saturation must be taken 
into account when 
designing a relaying 
system. 




Linear couplers are CTs without an iron core. The 
magnetizing reactance of these transformers is linear, 
and is very small compared to that of a steel-cored CT. 


The linear coupler operates as a current-to-voltage 
converter: the voltage is a faithful reproduction of the 
primary current. 

I ^ 

The transformation ratio is practically constant. 


The main use of linear couplers is in applications where 
saturation of the CT presents a major problem (bus 
protection applications). 


Advantages of electronic CTs 





1. They are linear, 

2. They have a very wide dynamic range. 

3. They do not include oil as an insulating medium, 
they do not constitute a fire hazard. 

4. They are also smaller in size and require less space in 
a substation. 


Disadvantages of electronic CTs 


1. They do require a power supply to operate 

2. Various electronic circuits required to sense 
amplify the signals. 
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optical block 



light path A 


current carrying 
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VTs are normal transformers with the primary winding 
connected directly to the HV, and with one or more 
secondary windings rated at the standard voltage of 
69.3 V for LN voltages or 120 V for LL voltages. 


Their performance, equivalent circuit and phasorl 
diagrams are similar to those of a power transformer. 
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We may consider such transformers to be error-free from 
the point of view of relaying. 
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VTs are usually used for low-, medium- and high-voltage 
systems. 


\ 
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VTs are rather expensive, especially at EHV ( 345 kV or 
above) . 
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At EHV, capacitive voltage transformers CVT. are the 

more usual sources for relaying and metering. 

There is a problem with VTs when used on ungrounded 
(or high-impedance grounded) power systems. 



I s 

Blown fuse in a VT on 
ungrounded systems 

\ I 


When SLG occurs, the VTs connected to the unfaulted 
phases are subjected to a voltage equal to the LL 
voltage. This drives one of VTs to be into saturation . 




Coupling Capacitor VT 


r 

String of capacitors is used as a potential divider 
between the HV and ground, and a tap provides a 
reduced voltage of about 1 to 4 kV. 
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HHO 


Hi X, 


(C 1 + C 2 ) L 
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h 2 x 2 



Vlj' i i 
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The tap point is connected to a transformer through an 
inductance. Z b is burden impedance. Z f is a damping 
circuit for suppressing ferroresonance. 



The current drawn by Z f and Z b is relatively small under 
normal conditions. 

Consider the Thevenin equivalent circuit of the 
capacitive divider, where E th = E pri C l /(C 1 + C 2 ), and Z th a 
(C 2 + C 2 ). 


£2 — E\h — h j<*>L + - 
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joj{C x +C 2 ) 


E 2 will have a phase angle error, unless the inductance 


is in resonance with (C 2 + C 2 ) at f = 50 Hz. 
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(C7 l -j- C7 2 > 


VTs are marked to indicate polarity. Terminals of same 
polarity are identified by dots, or by labels H v H 2 and X„ X 2 . 

Windings of 3-<D VTs may be connected in Y , in A or in 
open A, as needed in each application. 
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Electronic voltage transformers 




Electronic voltage transformers have not been 
developed to the same extent as electronic current 
transformers. 

The main difficulty arises because a voltage 
measurement needs a reference point, and hence both 
HV terminal as well as the ground terminal must be 
included in the measuring device. 

Nevertheless, some progress in making a practical 
electronic voltage transformer has been made in recent 
years. 


